The atomic and electronic structure of a tilt grain boundary in rutile TiO 2 has been calculated in an ab initio manner. The method employs a plane-wave basis set and optimised pseudopotentials and is carried out within the local density approximation of density functional theory. The study focuses on the structure and energy of the P = 15 36:9 (210) 001] tilt boundary which is relaxed to equilibrium using a conjugate gradients iterative minimisation technique. The calculations con rm the stability of a proposed atomic model for the boundary and provide some insight into its electronic structure.
Introduction
Rutile TiO 2 is a ceramic semiconductor which displays some useful physical properties that can be exploited in various electrochemical and device applications. It is well known as an opacifying pigment in paints, fabric and paper but can also be used as a gas and humidity sensor and as a low voltage surge protector 1, 2] . In this paper we focus on the material's electronic rather than optical properties and view it as a model semiconducting oxide upon which rst principles calculations can be performed. In the application of TiO 2 as a surge protector (a varistor), the operation and e ciency of the device is critically dependent on the microstructure and chemistry of the material and, in particular, on the presence of internal interfaces such as grain boundaries 3, 4] . This is the case for all polycrystalline semiconductors that exhibit non-linear conduction, the most well-known being ZnO where the e ects are largest.
Grain boundaries are principally responsible for the formation of interfacial electronic states and Schottky barriers which, in principle, control the functionality of the device. It is therefore extremely important to be able to systematically and predictably engineer the properties of these grain boundaries. A key issue in this process is an understanding of the boundary properties at the microscopic level since it is here that the electronic phenomena of interest have their origin. Despite the importance of interfaces in varistor materials, surprisingly little is known about their structure. Varistor behaviour and non-linear conduction are explained in terms of phenomenological models such as the double Schottky barrier 4], which do not specify the microscopic origin of the phenomenon. Interfacial defects or defect complexes are proposed as the cause of the observed states in the band gap, but the precise nature of these defects is unknown. It is clear that as a prerequisite to understanding how such imperfections a ect the electronic properties of the material, it is necessary to obtain microscopic information concerning the interfaces at both the atomic and electronic level.
Experimentally, very few atomic resolution observations of the structure or chemistry of individual grain boundaries in TiO 2 have been reported. Exceptionally, some 010] twin 5] and 001] tilt boundaries 6, 7] have been studied using high-resolution electron microscopy and atomic models for their structures have been proposed. However, no information is available on their electronic structures primarily because of the di culty in fabricating samples containing single grain boundaries upon which spectroscopic measurements could be made. The P = 15 36:9 (210) 001] tilt boundary is an example of a grain boundary whose atomic structure has been deduced experimentally 6, 7] . Moreover, it has also been studied theoretically using a classical simulation approach 6]. The main characteristic of this boundary structure, which is reproduced by the simulation, is a relative translation of the two grains parallel to the boundary equal to 1 5 120]. The microscopy also suggests a small ( 0.1 nm) contraction normal to the boundary which may be due to a local loss of oxygen or an excess of titanium ions. The classical simulation does not reproduce this e ect probably because it was performed under stoichiometric conditions. Since the atomic structure of this particular tilt boundary has been relatively well characterised, it is chosen for study using rst principles methods. The immediate aim, described in this paper, is to con rm the structural stability of the proposed atomic model and to gain some insight into its electronic structure particularly with regard to the presence and distribution of any new electronic states in the band gap. The results represent the rst completely ab initio investigation of a grain boundary in a transition metal oxide.
Method
The calculations are based on the well-established methodology of density functional theory in the local density approximation (LDA) as parameterised by Perdew and Zunger 8], combined with the pseudopotential technique 9,10]. There are extensive reviews of this method in the literature 9]. Only valence electrons are represented explicitly in the calculations, and the e ects of electron exchange and correlation included in the LDA have been shown to be reliable for a wide range of materials, including oxides such as MgO. The total self-consistent ground state energy of the system for any set of positions of the ion cores is determined using the conjugate gradients iterative minimisation technique due to Payne et al 11] . In this method, the total energy is minimised with respect to the plane wave coe cients of the self-consistent occupied valence electron orbitals. The interactions between these electrons and the Ti and O cores is described by non-local pseudopotentials, generated by ab initio calculations on 
Results and Discussion
Before starting the grain boundary calculations, the pseudopotentials were tested to determine how accurately they reproduce various bulk properties of TiO 2 . In calculations using 4 k-points and the same cut-o of 500eV, the atomic and electronic structure of bulk rutile were determined. Table 1 . shows the 60 atom supercell after relaxation where it is seen that the displacements away from the starting structure in Figure 1 (a) are small. An analysis of the forces remaining on the atoms, including the forces parallel to the boundary, shows that they are also small (less than 0.1 eV/ A) con rming the stability of the observed translation state of the boundary. Furthermore, the sum of the forces parallel to the grain boundary on the atoms which were held xed is approximately zero, indicating a minimum with respect to translation. This sum is signi cantly smaller than the forces on the individual atoms. This stability is not a ected by using a larger supercell and, indeed, all the structural and energetic characteristics of the boundary calculated with the small cell are con rmed when the larger cell is employed.
To illustrate this we have determined the di erential displacements normal to the boundary of the atomic layers after relaxation for both cell sizes. These displacements were calculated by subtracting the starting atomic positions normal to the bound-ary from the normal positions in the nal crystallographic con guration. Figure 2. compares the form and magnitude of these displacements where it is seen that the maximum displacements occur in the immediate vicinity of the boundary (labelled by an arrow) and are almost the same for the 60 and 120 atom models. This is the case for both the titanium and oxygen sublattices; for clarity the gure shows only the oxygen sublattice. In addition, the variation of these displacements with respect to distance away from the boundary is also very similar for both model sizes. This variation is characterised by alternating positive and negative displacements which fall o rapidly from the boundary. Thus, we are con dent that our use of a 60 atom supercell does not impose a major constraint on the relaxation. Moreover, by doubling the cell size we have shown that the constant volume condition is also not a serious limitation since the grain boundary structure remains essentially the same. In particular, the local volume change at each boundary for both cell sizes is estimated to be 0.05 nm which is similar to the classical value of 0.04 nm 6, 7] obtained under constant pressure conditions. This gives a total volume change of order 0.1 nm for two grain boundaries. We would expect a quantum mechanical constant pressure calculation to produce a similar result but have not attempted such a calculation here since it is more computationally demanding and would require determination of the Pulay stress 20]. There spurious internal stresses are a result of the nite number of basis states used in the calculations.
The experimental observation of a boundary contraction is most likely to be caused by the presence of point defects in the boundary as mentioned earlier. Since we are satis ed with the reliability of the 60 atom supercell, most of the results presented here will focus on that system and reference will only be made to the larger cell to show when the di erences are small.
The symmetry of the oxygen sublattice at the tilt boundary is indicated in Fig. 1(b) by the kite-shaped structural units. It is seen that this sublattice is mirror symmetric across the boundary ensuring that the oxygen bond distortion is minimised. This is new structural information which is not derived from the electron microscope observations since these observations were made under conditions in which the oxygen ions are not imaged. The relaxed boundary con guration thus removes the mirror symmetry of the titanium sublattice (by the in-plane translation) but conserves the mirror symmetry of the oxygen sublattice. The symmetry of the oxygen sublattice is further highlighted in Fig. 3 . where, for the large supercell, only the oxygen ions have been displayed. Figure. 4. illustrates the distribution of (Ti-O) bonds in the relaxed small supercell.
In bulk TiO 2 , there are two sets of (Ti-O) bonds: those of length 1.96 A and 1.98 A. In the tilt boundary region, the bond lengths vary from between 1.81 A and 2.03 A(i.e., -6 % to +2% of the bulk values). The oxygen octahedra in the boundary core, also shown in Fig. 4 ., are correspondingly distorted. Figure 6 . Such plots are useful in understanding exactly how the bonding at grain boundaries di ers from bonding in the bulk. The identi cation of regions of increased electron density may be useful in understanding phenomena such as segregation to grain boundaries and di usion along grain boundaries. Notice that in the bulk region between the two grain boundaries (more easily identi ed in the large supercell), the charge density is highly localised on the oxygen ions and is nearly spherically symmetric. Since this is a pseudopotential calculation, only the valence electron density is shown. The highly ionic nature of the material means that the valence electron density is concentrated almost entirely on oxygen sites and the titanium ions are invisible. However, there is certainly nonnegligible covalent bonding present in the bulk and there seems to be an even greater degree of covalency in the boundary core. This is illustrated by the small ares of charge density located along the 110] (Ti-O) bond directions. Thus, as expected, the structural properties of TiO 2 in the bulk or near a defect cannot be completely described by a fully ionic model. The covalent nature of the (Ti-O) bond has been noted before in previous experimental and theoretical studies 19] . The distribution of charge density about the grain boundary plane is not completely mirror symmetric due to the in uence of the titanium sublattice which is not seen in these plots but is translated along the boundary.
Since some of the bonds are distorted in the relaxed tilt boundary structure, electronic states should be present in the band gap. We therefore expect the boundary to have some intrinsic electrical activity which, if signi cant, would have important consequences for device applications as described earlier. To determine the presence of grain boundary interface states, the electronic Kohn-Sham eigenvalues of the relaxed ionic con guration have been calculated at the ( 1 4 ,0, 1 4 ) k-point. Figure 7 shows the total normalised valence band density of states for bulk TiO 2 This is done using a scheme described in 22], to project the plane wave eigenfunctions onto an LCAO basis set 23]. The projection technique calculates the density matrix P (k) and the overlap matrix S (k) of the atomic basis set, which are su cient to perform population analysis of the electronic distribution. The Mulliken charge associated with a given atom A is given in this scheme by:
and the overlap population (bond order) between two atoms A and B, by:
In both of these equations w k are the weights associated with the k-points in the Brillouin Zone. The bond population is indicative of the strength of the bond between a pair of atoms A and B. Figures 8 and 9 show the results of the analysis for both the perfect bulk system and a section of the interface in the 120 atom cell. The quality of the projection of the plane wave eigenstates is assessed by the calculation of a spilling parameter. This is zero when the projected wavefunctions perfectly represent the plane wave states, and one when the atomic basis set is orthogonal to the plane wave eigenstates. In both calculations this parameter was of order 0.001, su ciently small for our purposes. In the bulk it is found that each Ti atom, which is 6-fold coordinated, has a Mulliken charge of +1.45 electrons, and each O atom is 3-fold coordinated with a Mulliken 
